In Brief
Ryan et al. report the synaptic network of motor pathways in the CNS of a tunicate tadpole larva. This reveals hitherto unreported sensory input to premotor neurons. The network shows likely homology to pathways in the brain of tailed vertebrates that mediate startle responses through the Mauthner cells.
RESULTS AND DISCUSSION
In the nervous systems of different species, neurons that are morphologically similar or have similar connections provide important evidence for circuit homology, and indicate which features might have been conserved during the course of evolution [6] . Not only features of individual cells, but also circuits and network comparisons are critical to our understanding of neuronal homology and identifying critical points of innovation or loss within nervous systems [7] . Many features of the vertebrate nervous system have been considered innovations, yet examining circuit homology in invertebrate chordates such as tunicates, a sister group of vertebrates [2] , helps identify morphological features that might have predated the tunicatevertebrate split and so support homology. Mauthner cells (M-cells) are a compelling example because their large size and obvious morphological characteristics helped define their physiological signature [8] [9] [10] [11] . Subsequently, these cells were identified as the substrate for important behavioral responses, especially the startle response [11, 12] , in many tailed vertebrates. Together, these findings revealed a number of critical features of Mauthner cell circuits: first, M-cells receive input from mechanosensory hair cells via club terminals from the VIII th nerve, and from lateral line interneurons; second, M-cells are presynaptic to motoneurons and premotor neurons of the contralateral side of the brain; and, third, M-cells are electrotonically coupled to contralateral local inhibitory neurons in the spinal cord that provide inhibitory input to the opposite side of the spinal cord [13] [14] [15] . Existing expression studies in vertebrates have yet to identify M-cell-specific genetic labels that could support homology in other chordates, however. Even so, comparative circuit analyses of M-cell escape networks provide solid evidence for homology in different tailed vertebrates [11] . We now identify a set of neurons in the recently reported connectome of the CNS in a sibling chordate [4] , the tadpole larva of the tunicate Ciona intestinalis, and examine the circuit basis for their homology with M-cell circuits in vertebrates.
Ciona intestinalis Larval CNS
The larval CNS of tunicates forms from a dorsal neural tube, following a similar plan to that of vertebrate brains, with three regions: a rostral sensory brain vesicle (BV), separated by a short neck region from the motor ganglion (MG) in the trunk of the larval body, and a caudal nerve cord (CNC) in the motile tail [16, 17] (Figure 1A ). In the tadpole larva of Ciona intestinalis, the CNS is small and relatively simple, with only 177 neurons, enabling us to use serial-section electron microscopy (ssEM) to compile a comprehensive connectome of all its neurons and synapses [4] . In addition to the larval CNS, a peripheral nervous system (PNS) comprises an array of ciliated mechanosensory neurons distributed in the epidermis [20] . Together, the two networks, CNS and PNS, drive both unilateral tail flicks (10 Hz) [21] and symmetrical swimming that propels the larva in a helical trajectory [22] by means of bilateral contractions of electrically coupled muscle bands that extend along the tail on either side of the notochord [21] . Such bilateral swimming comprises either ''spontaneous'' or ''shadow response'' behaviors [21, 23] . Comprehensive ssEM reveals that the MG, which contains the motor networks, includes several cell types: a single pair of descending decussating neurons (ddNs), five pairs of motoneurons (MN1-MN5), and three pairs of motor ganglion interneurons (MGIN1-MGIN3) [4] (Figure 1 ). Within the CNS connectome, synapses connect 34 cells directly with the ddNs (Figures 1A, 1G , and 1H), with >130 neurons in the second-order network containing the upstream and downstream synaptic partners, as well as an additional 20 neurons of the PNS. Many of these synaptic connections are duplicated by Table S1 for summary of cells, abbreviations, and cell types and network diagram in Figure S1 . membrane appositions interpreted as gap junctions, putative electrical synapses [24] .
The critical circuit elements of the vertebrate escape response depend upon M-cell decussations, their axons crossing the midline before extending to form terminals in the contralateral neuropil. We have identified a single pair of such decussating neurons (ddNs) in the motor ganglion of the Ciona larval CNS. Based solely on their decussation, Takamura et al. [25] had hypothesized that two vAChTP-positive cells may be similar to M-cells, but provided no other evidence to support that claim. Our connectome now identifies the circuits and networks of the ddNs and reveals that these are the sole such pair of neurons in the entire CNS having axons that both descend and decussate. Their direct network reveals that they receive relay neuron input from the brain vesicle, motor ganglion, and cells of the caudal nerve cord, and that, in turn, they are presynaptic to motoneurons and to anterior caudal inhibitory neurons (ACINs) (Figure 1 ). These components find obvious comparisons in vertebrates to motoneurons and interneurons. Based on their contacts with ddNs, the ACINs, which lie in the rostral region of Ciona's tail and express Ci-VGAT [26] , a reporter for glycine/ GABA, as well as glycine immunolabeling [26] , represent candidate homologs of commissural local inhibitory neurons (CoLos) in the zebrafish spinal cord [13] . However, although glycinergic interneurons have previously been identified in the motor pathway [26] , their actual synaptic networks were until now not known. The direct synaptic contacts of ddNs alone tell us little, moreover. Rather, homology of the ddN circuits to Mauthner endings [27, 28] . The most likely homologs of vertebrate hair cells in Ciona are mechanosensory PNS neurons, in particular, a subset of ciliated mechanosensory neurons in the adult cupular organ that develop from the atrial primordium in the larva, which has been homologized to the otic placode [29, 30] . In its larva, unlike the adult, ciliated mechanosensory neurons instead comprise a series of PNS neurons arranged along the rostro-caudal axis that are presynaptic to interneurons of the BV, MG, and CNC. The ddNs receive synaptic input not directly from these PNS neurons, but rather from interneurons that are postsynaptic to ciliated primary sensory neurons of the PNS ( Figure S2 ). These interneurons include: one of the eminens cells (eminens2 neuron), large posterodorsal interneurons of the anterior peripheral pathway [4, 19] ; ascending motor ganglion interneurons (AMGs); and bipolar neurons of the tail (BTNs) that are homologs of dorsal root ganglion cells [31] (Figures 2A, 2C , and 2D). Synaptic inputs have been claimed in several reports by light microscopy, which our EM observations now resolve. Although they form the most numerous synaptic inputs to ddNs, the eminens neurons express reporters for GABA [25] , supported by data in [32] , and so are putatively inhibitory, and thus not candidates to activate the ddNs by chemical transmission alone. Putative chemical synaptic inputs from neurons [4] that are vAChTP positive and presumed cholinergic [25] are predicted to be excitatory. Our ssEM [4] reveals that one of these, AMG5, receives direct synaptic input from all of the posterior apical trunk epidermal neurons (pATENs) [20, 32] and a few rostral trunk epidermal neurons (RTENs), both neuron types being themselves sensory ciliated neurons of the PNS. In addition, those pATENs are reported to receive synaptic input [4] from the network of dorsal caudal epidermal neuron (DCENs) [20, 33] of the tail ( Figure S2 ). AMG4 is postsynaptic to AMG5 (Figure S2) and thus relays the same information, but as a secondary interneuron. AMG5 is presynaptic only to the right ddN, whereas AMG4 is presynaptic to both left and right ddNs, and AMG4 also forms gap junctions with the right ddN (Figures 2A  and 2B ). These two AMG neurons are also secondary integrators of RTEN signals, insofar as they are postsynaptic to relay neurons of the anterior PNS network, including eminens neurons. Table S2 and network diagrams in Figure S3 .
In addition to these inputs from the anterior PNS, the four bipolar tail neurons (BTNs) of the PNS network are also presynaptic to ddNs. The synaptic input from BTNs differs on the left and right sides (Figures 2A, 2C , and 2D; see also Figure S4 ): BTN1, 2, and 4 to the left ddN and BTN1 and 3 to the right. These neurons express a reporter for Ci-GAD [25] , thus implicating GABA, but at least one BTN, misidentified as a DCEN [34] , expresses vGLUT, a reporter for glutamate, thus suggesting that they may co-express two fast neurotransmitters, inhibitory (GABA) and excitatory (glutamate). In addition to their chemical synapses, BTN2 and BTN4 also form gap junctions with ddNL.
Like M-cells, downstream pathways from Ciona's ddN cells are presynaptic to both premotor and motor pathways. In particular, they provide synaptic input to contralateral premotor and motoneurons ( Figure 3 ) that are likely to be cholinergic [25, 32] . All of the paired MG neurons, including both interneurons and motoneurons, are direct synaptic partners of the ddNs except for MN3R and MN5L (Figure 2 ). On both left and right sides, two primary motoneuron pairs, MN1 and MN2, with large neuromuscular terminals, each receive presynaptic input from the contralateral ddN ( Figure 3) . Other left-right partners that are both synaptic targets include: the third pair interneurons, MGIN3s; and the midtail descending paired neurons, MTN1, MTN2, MTN4, and MTN7 (Figure 3) , despite some of their connections being asymmetrical ( Figures 2D and S3) [4] . We judge that these pathways are major, because together they constitute >27% of all presynaptic contacts to the ddNs and a range of 3%-58% of the synaptic input from ddNs to motoneurons, with additional input from upstream partners of ddNs [4] (Table S2) .
Finally, the right ddN provides contralateral synaptic input to the first ACIN on the left (ACIN1L) (Figure 3 ), which itself is presynaptic to contralateral right-side MG interneurons [4] . ACINs occupy an important position in the ddN network because they are both commissural and glycine immunopositive [26] , so putatively inhibitory, and because they provide synaptic input to the contralateral side of the animal expressing glycine receptors [26] . Although only ACIN1L is connected to ddNR via chemical synapses ( Figure 3F ), both left-side ACINs are coupled to the right ddN via gap junctions on their somata ( Figure 3G ). This connection in the left neuropil contrasts with the right, in which the single ACIN lacks any connection with either ddN. On the right side, however, a descending ipsilateral interneuron lacking a left-side partner, PMGN1, has synapses and gap junctions with the left ddN ( Figure 3 ) and is presynaptic to its ipsilateral rightside motor network (Figure 4) .
Gap junctions, putative electrical synapses, cannot be overlooked, although they largely parallel chemical synaptic connections in the ddN network (Figure 4 ). In particular, ddNs form many gap junctions with the MN2 pair that forms neuromuscular junctions deep in the tail, the ACINs, BTNs, and the eminens2 neuron ( Figures 2B, 2C, and 3 ). In the case of MN2, this input mimics the putatively excitatory synaptic reciprocal connections, but, for the eminens cell and possibly the BTNs, the coupling by gap junctions is accompanied by synaptic input from eminens and BTNs to ddNs that is putatively inhibitory.
ddNs and M-Cells Have Shared Features
In Ciona larvae, neurons have simple morphological forms [4] , rarely possessing synaptic dendrites or extensive terminals A B Figure 4 . Figure S4 .
that would normally be hallmarks of synaptic zones in vertebrate neurons [35] . Their synapses are mostly axo-axonic and lack segregation in their distribution, especially between pre-and postsynaptic regions [4] . The larval CNS lacks glia, and correspondingly its neurons also lack myelination. From anatomical analysis, it is evident that structural elements of M-cell physiology, such as the axon cap structure [8] , and the segregation of two major dendrites, are notably lacking in Ciona ddNs. The larva's small, sparsely populated CNS, short developmental time, and phylogenetic position all therefore serve to highlight the coincidence of the similarities between ddN and M-cell circuits. On the other hand, despite their simplicity, Ciona's neurons are no less selective in their synaptic networks than are their vertebrate counterparts. Thus, the comprehensively connectomic network of ddN connections we identify incorporates many more anatomical synaptic pathways than have been identified by primarily electrophysiological means for M-cells.
Parsing the complex list of their connections we list above, ddNs share the following features with vertebrate M-cells [11] : (1) we confirm that their axons both descend and decussate, exhibiting a feature that in vertebrates relates each side of the brain to the opposite side of the body [36] , and we show for the first time that they (2) are the sole pair of such neurons in Ciona and (3) provide input to both motoneurons and premotor interneurons (Figures 2, 3, and S1 ). We also show that they receive input from interneurons (Eminens2 neuron, Em2; ascending motor ganglion interneurons, AMGs; and bipolar tail neurons, BTNs) of peripheral mechanoreceptors (RTENs, ATENs, and DCENs) with, as well, a few indirect inputs from other sensory pathways (Figures 2 and 3) , that likewise also integrate mechanosensory input ( Figure 2D) ; and finally, that (4) they are coupled to commissural local interneurons, the ACINs (Figure 3) . Based on these features, we propose that the pair of ddNs in the larval CNS shares circuit homology with M-cells of tailed aquatic vertebrates [25] , a substrate for fish startle responses [12] (Figure 4 ). According to this interpretation, decussation is retained even where there is no obvious lateralization of sensory input, suggesting that it may have been ancestral. Likewise, crossed inhibition is involved in the downstream pathway but may be present on only one side in some animals. The pathways in both chordate sibling groups combine synaptic transmission with putative electrical coupling, although the neurotransmitters used in these circuits differ between the pathways in Ciona and vertebrates. The structural differences between circuits may correspond to the helical swimming pattern of ascidian larva, or the coupling of its muscle cells, both features absent in adult vertebrates, although embryonic fish and larval amphibians also have active M-cell circuits and electrically coupled muscle fibers [37] [38] [39] .
In tailed vertebrates, the function of M-cells relies on three main network features: sensory input from the acousticolateralis system, output to motoneurons, and crossed inhibition. Likewise, Ciona's ddNs are postsynaptic to relay neurons of PNS mechanoreceptors; presynaptic to motoneurons and premotor interneurons of the contralateral side; and with synaptic and putative electrical synapses to contralateral inhibitory neurons. In Ciona, the decussating interneurons (ddNs) differ from the ipsilateral descending interneurons of the motor ganglion (MG) in their relay inputs: the ipsilateral interneurons each receive relay input from various sensory systems, including visual, gravity, and mechanosensory interneurons, whereas descending ddNs are unique in receiving exclusive relay input from the PNS network. This distinction suggests that ddN neurons have a unique, conserved function in translating mechanosensory cues into motion through contractions of contralateral tail muscles. Unlike M-cell relay input, however, sensory inputs to the ddNs are neither sided nor direct, and except in the case of the BTNs that input also lacks a bilateral sidedness that would mediate or facilitate directional escape. Thus, the resultant behavior may be more probabilistic than directed.
Some Predicted Functional Outcomes
A unilateral tail flick producing a 90 turn in response to mechanosensory input could be driven by the ddN and facilitated through the MN2, but not MN1, motoneurons. Three lines of evidence suggest this distinction: first, MN1's endplates end too far rostrally to account for the caudal tail bending behavior; second, MN1 cells are postsynaptic at many synapses to inhibitory eminens2 neuron, which itself provides input to the ddNs; last, MN1s form neuromuscular junctions onto both dorsal and medial muscle, but tail flicks arise exclusively from the innervation of dorsal muscle [21] . Previous reports indicate that unilateral flexion can vary along the length of the tail [21, 40] , and unlike bilateral swimming activity can occur even in short mid portions of the tail [21] . Based upon the location of their neuromuscular junctions, the only motoneurons qualified to cause midtail contractions are the MN2 neurons and the short descending midtail motoneurons (MTNs). Thus, a tail flick could be triggered by the mixed inputs from ddNs to the first of these, MN2s, which form many large neuromuscular junctions further along the tail, more caudal than those of other motoneurons, and through reciprocal input from ddNs to descending paired motoneurons (MTNs) in the tail itself ( Figures 1C and 2D) . Furthermore, physiological evidence indicates that unilateral tail flicks are driven exclusively by innervation of dorsal muscle [21] , which we find corresponds to both MN2 and MT, but not MN1 motor innervation, because the latter occurs onto both dorsal and medial muscle. Additionally, the ddNs form more synapses and gap junctions with MN2s than with other motoneurons ( Figure 2D ). Do ddNs function in symmetrical swimming networks? Despite their widespread input to motor networks, which could allow ddNs to function in behaviors beyond unilateral tail flicks, there appear to be network mechanisms that prevent ddNs from controlling more sustained activities. The MGIN3 pair, which form synaptic feedback loops with contralateral ddNs, appear to correspond to descending GAD-positive cells located dorsal to vAChTP-positive MG cells [25] ; they express a GABA reporter, are therefore probably inhibitory, and may therefore also serve to limit the duration of ddN activity. The MGIN3s provide synaptic input to their ipsilateral MGINs and to MN1 ( Figure S4 ). Both also provide synaptic input to the ddN upstream interneuron, eminens2. As GAD-positive, presumably GABAergic neurons [25] , the two MGIN3 interneurons are presumably inhibitory and would provide an additional pathway to suppress long-term activity of the ddNs directly, as well as inhibiting their pre-and postsynaptic partners. Importantly, unlike MGINs 1 and 2, these neurons receive no BV sensory relay synapses except for eminens2 and are postsynaptic to neither the AMG nor bipolar tail neurons.
Vertebrate Counterparts
Tactile or vibratory sensory input from the tail to M-cells in vertebrates matches the network connections we identify in Ciona. Indeed, although little analyzed in the literature, sudden movements of the surrounding seawater or touching the dorsal or ventral fins induce swimming in larvae of Ciona and Dendrodoa, and in Dendrodoa tapping the side of the trunk also evokes a burst of tail flick potentials [21] . Starting from rest, in a manner resembling the M-cell C-start reflex, initial tail flexions in tunicate swimming are of large amplitude and rotate the trunk to cause the larva to swim at 90 from its resting position [21] . This similarity is compatible with the synaptic connections we report, and consequent upstream/downstream networks of this important cell pair, including differences between left and right ddN (Figure 2D) . Thus, these neurons and the neurons of their network provide ideal candidates for physiological and behavioral experiments in Ciona.
Finally, we also reveal the precise location of the ddN terminals. These lie more caudal than previously reported, beyond both ACIN somata and the terminals of all MG neurons except MN2 and MGIN2, and synapse onto motoneurons of the CNC. Ciona's ddN cells thus join the growing list of neurons in the tunicate larva with vertebrate counterparts. These include bipolar tail neurons and dorsal root ganglion cells [31] ; ACINs and CoLos [25] ; and, here, ddN MG interneurons and reticulospinal Mauthner cells.
EXPERIMENTAL PROCEDURES Animals
Adult sea squirts, Ciona intestinalis (L.), were collected from Mahone Bay, Nova Scotia. Adults were kept under constant illumination, and gametes were cross-fertilized to produce larvae that were dark reared till 2 hr posthatching, at 18 C, all as previously reported [4, 16, 19] . Ciona intestinalis were maintained in marine aquaria, and then dissected to obtain gametes, as approved by protocol number I9-015 from Dalhousie University Committee on Laboratory Animals.
Electron Microscopy
Larvae were fixed at 4 C for 2 hr in 1% OsO 4 in 0.2 M Na 2 PO 4 (phosphate buffer) adjusted to pH 7.2 with HCl and post-fixed as previously reported [4, 16] . Sections were viewed and images captured also as previously reported [4] .
Imaging and ssEM Analysis High-magnification images at 2.86 nm per pixel or lower resolution were collected for the neuropil region and montaged as reported [4] . Lower magnification images of the entire CNS and overlying epidermis were collected at 13.9 nm per pixel and used to reconstruct the positions of somata. In the high-magnification series, traces were hidden and all sections then blindly annotated as previously reported [4] . Synapses were identified according to published criteria [4, 35, 41] . Putative gap junctions were annotated at sites with juxtaposed membranes and densities on the membranes of both sides. The numbers of synapses and the numbers of sections in which a synaptic profile was observed were both measures used to quantify synaptic strength; these values for each presynaptic neuron were linearly proportional, and their product for each synapse (cumulative synaptic depth) was used in network analyses, as reported [4] .
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